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The dielectric laser accelerator (DLA) is a promising technology for achieving high-gradient acceleration in a compact
design. Its advantages include ease of cascading and an energy gain per unit distance which can exceed that of conventional
accelerators by two orders of magnitude. This paper establishes rules for efficient particle acceleration using dielectric
structures based on basic equations, proposes a design principle for DLA structures with clear physical images and verifies
the accuracy of the corresponding formula for energy gain. DLA structures with different specifications, materials and
geometric shapes are constructed, and the achievable acceleration gradient is calculated. Our results demonstrate that effec-
tive acceleration can be achieved when the electric field sensed by particles in the acceleration cavity has zero frequency,
which provides a powerful method for designing such devices. Furthermore, we demonstrate that the simplified formula
for calculating energy gain presented in this paper can accurately determine the energy gain of particles during the design

of acceleration structures using a dielectric accelerator.

Keywords: dielectric laser accelerator, acceleration structure, high-gradient accelerator

PACS: 41.75.Jv, 41.20.Jb, 42.25.—p, 41.20.q

1. Introduction

Particle accelerators play a crucial role in fundamen-
tal science, as well as in various practical applications such
as cancer treatment, materials analysis and food and water
purification.!'*! Traditional accelerators use radio-frequency
klystrons to excite modes in copper or superconducting nio-
bium cavities for particle acceleration, but their large size, high
power requirements and expensive infrastructure limit their ac-
cessibility to the broader scientific community. This has pro-
moted the exploration of more compact and economical alter-
native technologies.

With the advancement of microfabrication and laser tech-
nology, many ideas have been practically implemented, such
as the use of terahertz interaction with microstructures to ac-
celerate charged particles,®! ultra-intense ultrafast lasers to in-
teract with plasma for particle acceleration!®”! and high fields
in ultrafast pulsed laser beams to accelerate electron beams in
dielectric microstructures.'®! In general, the acceleration gra-
dient determines the total length of the accelerator at a spe-
cific beam energy. Therefore, in the process of developing ad-
vanced compact accelerators, acceleration techniques should
achieve high energy gain per unit length. Recently, dielectric
laser accelerators (DLAs) have attracted significant interest
as a means of accelerating charged particles using solid-state

9-16

lasers.[°-10] Tn various experiments, an acceleration gradient of
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nearly 1 GV-m~! has been achieved (see Ref. [17] and the ref-
erences therein). DLAs are promising candidates for realizing
future compact and low-cost particle accelerators due to their
high energy gain per unit length, which is second only to that
of laser-plasma accelerators./'824] In addition, DLAs have the
advantage of easy integration of cascade acceleration.?>-27]
The design of effective micro/nano dielectric structures
to generate accelerating fields driven by input lasers is a crit-
ical research topic for DLAs. There are various explanations
for the acceleration principle of DLAs, including the phase
modulation principle proposed by Plettner et al.,!*8! and the
analysis of accelerating field mode by Breuer et al.*! for
single and double gratings. Aimidula er al.l*"! found that an
asymmetric double grating structure can synchronize the laser
field with relativistic electrons. Niedermayer et al.’!l used a
Fourier transform and the Panofsky—Wenzel theorem to model
grating accelerators. Kozdk et al.’?! studied the interaction
between evanescent waves and electrons using classical ap-
proximation, while Liu et al.33! studied the field distribution
in the accelerating cavity using classical electrodynamics. A
comprehensive theory of the Lorentz force in a double grat-
ing medium laser accelerator was proposed by Black et al.!34]
The phase modulation principle proposed in these references
is commonly used in the design of DLAs (see Ref. [28] and
citations therein). It is worth noting that the phase modulation
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principle used in the design of DLAs is based on geometri-
cal optics. The concept that DLA achieves acceleration when
the particle experiences a zero-frequency electric field inspired
this study. The physical analogy can be likened to a particle
riding a fixed-phase acceleration in the accelerating field.

In this study, we have developed rules for efficient par-
ticle acceleration using dielectric structures based on the fun-
damental equations of electromagnetism. This paper is orga-
nized as follows. In Section 2, we elaborate on the rules for
efficient particle acceleration with dielectric structures using
basic equations. In Section 3, we show the modeling process
of the dielectric accelerator in the finite-difference frequency
domain (FDFD) in detail. In Section 4, we validate the sim-
plified formula for calculating energy gain, design DLA struc-
tures with different parameters and calculate the acceleration
gradient using three different materials.

2. Structures and principles

Our starting point, naturally, is Maxwell’s equations in SI

units (3]
V-eE=p,
Vg OHH
ot
V-uH =0,
d E

where F is electric field, p is the free charge density, H is the
magnetic field, J is the free current density, u is the perme-
ability of the material and € is the dielectric function. All of
these are potentially functions of both the position r and the
time ¢. In this paper, we work with non-magnetic materials,
U = Uo (permeability of free space). The input energy for ac-
celeration is achieved by applying an electric field. We assume
the electron is suitably ‘beam-like’ such that B, =~ 8 = v/c,
where v is the velocity of the particle. So, the rate of change
of energy can be described by

Oky = qEP /myc?, )

where ¢ is the charge of the particle, 7y is the Lorentz factor,
mpc2 is the rest mass of the particle and E¥ here is the electric
field felt by the particles.
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z

7

Fig. 1. The charged particles in a vacuum interact with the plane wave.
In this study, we consider a vacuum as a medium with continuous trans-
lational symmetry.

The mathematical form of EY can be artificially designed
to be very complex. Fortunately, mathematical theorems guar-
antee that any electromagnetic field can be decomposed into a
superposition of several sine waves via the Fourier transform.
This is physically equivalent to the interaction between a plane
wave and an electron in a vacuum. In free space, as shown in
Fig. 1, E? is an oscillating electromagnetic field

E? = Eycos(wt +kzp + ), 3)

where § is the initial phase of particle injection, Ey is a con-
stant, @ is the frequency of the incident light, k is the wavevec-
tor (here k =27 /A, where A is the wavelength of the incident
light). In a period, it can be assumed that the particles move
along a straight line, z, = zo in Eq. (3), where zg is the ini-
tial injection point of the particle in the z-direction. It can
be seen that the rate of change of energy of the particle in-
creases and decreases alternately at the frequency @ by com-
bining Egs. (2) and (3). In other words, the net energy gain of
the interaction between a charged particle and an oscillating
electromagnetic field is zero, because the odd trigonometric
function with time-dependent terms in the expression for elec-
tric field experienced by the particle (such as EY in Eq. (3)) is
zero on average over a period. Therefore, to achieve acceler-
ation without dephasing, the odd-order trigonometric function
should have no time term or not depend on x. To achieve ef-
fective acceleration means that particles (from their reference
frame) experience a “zero-frequency” electric field.

(a)
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Fig. 2. (a) The cylindrical medium is arranged periodically in the x-
direction. (b) The cuboid medium is arranged periodically in the x-
direction. It should be noted that the laser can also be incident in the
y-direction. The theoretical description in this paper is equally appli-
cable to this situation. The only difference is that a three-dimensional
simulation is required.
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We note that in the expression describing the electric field
experienced by the particle, ¢ should be treated as an implicit
function of the path length along the accelerator (x). This
treatment revealed a very natural way to construct the “zero-
frequency” electric field felt by particles, which is to use some
kind of structure to break the translational symmetry of free

space, as shown in Fig. 2,
e(x+T)=€(x), ek

where L = {T' = Nia; + Nya; + N3a3|N|,N,N3 € Z}; let
ai,a; and a3 be the linearly independent and non-vanishing

TelL, “)

vectors of R® defining the unit cell of the periodic struc-
ture. Due to the translational symmetry, the Floquet—Bloch

36,37

theorem3%37! implies

E(r) = Ep(r) ™" Ey(r+T)=Eyr), ()

where kBloch

is the Bloch wavevector. Due to the periodic-
ity of Ej(r), we can express the spatial fields in terms of the

Fourier series

E(r) = Y Ey(G)e! K" +6)m, ©)
G

where G is the inverse lattice vector of the reciprocal space.
Without loss of generality, discrete periodicity is introduced in
the direction of particle motion (I' = Ae,). Because the fun-
damental features of DLA appear in the simplified 2D analy-
sis, the full-field variation with z is not considered for the time
being. This means dE/dz =0 and dH /dz = 0. We apply
Eq. (6) to obtain

Ev(x.) :R{ i EN@)e“Weiwf}, @
N=—oc0

where ky = kY + kBloh iV = 27N/A, ® = 27c/A and
E\(x,y) is the longitudinal electric laser field in the DLA cell
(A). Ey(y) is the nth-order Fourier coefficient

1 A —iklx
En0) = [ Beley)e s ®

To calculate the motion of electrons in a short DLA, it is usu-
ally safe to assume that the electrons are very rigid, so they do
not deviate from the trajectory they were on before the DLA.
In Eq. (7), t should be seen as an implicit function of the path
length x = vt — [ along the accelerator. The phase shift be-
tween laser phase and particle injection phase is described by
the distance /. We can obtain an expression for the electric
field felt by the particle

N=co
EY =R{e‘”‘?’ ) EMy)e”“‘“*kW}, ©
N=—oo

where ko = @/c. The first-order trigonometric function of the
time term is eliminated from equation Eq. (9), which means
that there is a constraint

kn =ko/B. (10)

In other words, after the constraint k; = ko/f3 is imposed on a
structure with discrete translational symmetry, the particles are
sensed by an electric field of zero frequency. k) depends on
the particle velocity at the time of injection into the structure.
This means that for long-range acceleration of non-relativistic
particles, the parameters k need to be adjusted in real time.
Injection of ultra-relativistic particles does not require adjust-
ment of parameters k) during long-range acceleration. Equa-
tion (10) is also called the synchronization condition in the

accelerator.®! The energy gain in a period is simplified as
AW, (1, ) :qAR{EN(y)ei“’l/V}. 11

This equation is hereinafter referred to as the simplified en-
ergy formula. The summation operation disappears here. This
means that the energy gain of the particle is proportional to the

nth-order Fourier coefficient.

3. Methods

To meet the requirements of low memory usage and com-
putational time, we employed the FDFD method to solve for
the field distribution of the structure at a given frequency (®)
in a DLA coupled with non-magnetic materials under typi-
cal conditions. We assume that all the fields have the e ¢’
dependence with @ being the angular frequency (E(r,t) =
R{E(r)e™®}, H(r,t) = R{H(r)e ®}). The electro-
magnetic distribution of the system can be calculated from

-1 -1 2,2 :
(Viem'VE 4 VEe VI + 0°/*)H, = i,
VIH, = iwepeE,, VIH,=i0gg¢E,. (12)

Here ¢ is the dielectric function. The terms V£ and V% are
banded matrices that calculate the first-order spatial deriva-
tives of the electric fields across the grid. The derivative op-
erators for the electric and magnetic fields are different due to
the staggered nature of the Yee grid,* but they are related
through

Vi = (VO v = (VP (13)
The “HT” superscript indicates a Hermitian transpose
operation.[*”) TE mode should be used to produce particle
acceleration. Here we apply the sparse matrix technique to
save computation time and memory. As a quick example of
what these matrices look like, they were computed for a two-
dimensional grid composed of only 3 x 3 cells. Using periodic
boundaries conditions, the matrix derivative operators Vf and

Vf for the simple case are

114101-3
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o )
11
U -1 0
. 11
VE— _ 1 (14
Ay U.~ -1 0
11
11
- Ux _1_
= 1 -
-1 1
-1 1
1 -1 1
VE - 1 I (15)
b A -1 1
v, -1
v, -1
L Vy —1]

where Ax(Ay) is the FDFD Yee grid size along the x(y)-
direction, U, = eik}? IOCh, V, = eik? och and k)l?(lyO)Ch is the phase
across a periodic boundary in x(y). Similarly, the terms V7
and Vf calculate the first-order spatial derivatives of the mag-
netic fields across the grid. To ensure accurate simulation re-
sults, it is crucial to choose a grid spacing that is small enough
to resolve the shortest wavelength of interest. This is usually
determined as Ay /10 to A /30, where Ay, /10 represents
the shortest wavelength in the region with the highest refrac-
tive index. In this simulation, a square grid size (Ax (Ay))
of approximately A /100 can be selected based on previous
studies. [*>*] To simplify matters, this paper does not directly
verify the energy gain but instead focuses on the normalized
There
are two methods for calculating it: (a) The direct integration

acceleration gradient function Gyo derived from it.

method is used to calculate the normalized acceleration gradi-
ent function, Gy, in the periodic structure,

L/AE =2 Vax (16)
AE Jo T\ T B )T

(b) The normalized acceleration gradient function, Gy, cal-

Ghor =

culated using the simplified energy formula (Eq. (11) can be

represented by
AW, R{EN(Y)eiwl/V}
Goor = = 17
nor qAEO EO ( )
4. Results

4.1. Parameter optimization

The DLA structure parameters are shown in Fig. 3(a),
where H is the height of the medium, D is the width of the
medium, A is the period length of the structure and A is the
width of the acceleration channel. All length units are normal-
ized by the incident wavelength. Since the accelerating elec-
tric field mode is an evanescent wave, increasing the value of

A will decrease the amplitude of the accelerating mode. How-
ever, if A is too small, it may cause difficulties in the elec-
tron injection process. Therefore, a compromise is to choose
A(A) as 1/4. In this study, we only consider the periodic struc-
ture with more symmetry, which means D is equal to 3/2, as
shown in Table 1.

Table 1. The parameters used in the simulation. All length units are
normalized by the incident wavelength.

A SiO,
2000nm e=2.1

SizNy Si3 AA)  AA)  D(A)
£=39 ¢e=1138 B 1/4 B2

D)

@ AW ()
I
~ <
1111
—

0
RO N RN N N

H(\)

Fig. 3. (a) DLA structure parameters. Only H(A) is varied in the simu-
lation. (b) Acceleration gradient for different parameters H(A ).

The region of the particle injection channel is of size 44
x A/4, B = 0.8, the pillar size is H(A1) x 0.4A. A periodic
condition is used to introduce plane waves into the structure
from the lower side, as shown in Fig. 3(a). For materials of
Si, we calculated the value of Gy on the symmetry line of
the particle injection channel by using Egs. (16) and (17). A
total of 13 parameter simulations were performed, where only
H(A) was varied, as shown in Fig. 3(b). Gy reaches a peak
of 0.43 for H(A) = 1.1. In other words, when the structure pa-
rameter of the Si pillar is 2200 nm x 800 nm, an acceleration
gradient of 0.43 times the initial electric field value can be pro-
vided at the center of the particle channel, which corresponds
to an acceleration gradient of 0.12 GV-m~! calculated based
on Refs. [40,41]. It is evident that for the majority of cases, the
results obtained from Egs. (16) and (17) are extremely close,
with only slight differences in a few instances. Additionally,
we observe that as the value of H increases, the calculated
results also increase or decrease. However, this trend is not
strictly linear, and at times there may be small fluctuations.
Therefore, the design of the accelerator needs to be analyzed
on a case-by-case basis at a machinable scale.

4.2. Influence of electrons

We simulate the acceleration of different electrons using
the optimal H obtained from the previous simulation and an-
alyze their impact on the acceleration. A periodic condition
is used to introduce plane waves into the structure from the
lower side. The region of the particle injection channel is of
size SBA x A /4, The pillar size is A /2 x 1.1A. A total of
seven simulations were performed, where only 8 was varied.
We calculated the value of Gpor on the symmetry line of the
particle injection channel. The results of these two methods
are shown in Fig. 4(a).

114101-4
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0.5 E,/|E| (b)
(a)
= Rq. (16) - = - =
04| = g (17 TN =M= 1
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== - -1
0 0 _ ‘
055 0.6 0.65 0.7 0.75 0.8 0.85 0 1 \ 3
3 x(A)
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— 0 = 0
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9% 1 B 3 % 1 2 3 4
z(\) x(X)

Fig. 4. Values of electric field distribution and normalized acceleration gradient function. (a) The values of the normalized acceleration gradient
function calculated by two different methods, Eqs. (16) and (17), with seven 8 parameters. The electric field distributions shown in (b), (c) and
(d) correspond to the simulation parameters  of 0.65, 0.75 and 0.8, respectively.

The relationship between 8 and Gy, is not linear but ex-
hibits a complex nonlinear relationship. When f varies be-
tween 0.55 and 0.6, the value of Gy, decreases slightly; when
P varies between 0.6 and 0.65, the value of Gy, decreases
more significantly; when 8 varies between 0.65 and 0.7, the
value of Gy drops sharply, but then rapidly rebounds after
0.7; when B varies between 0.7 and 0.8, the value of Gy fluc-
tuates widely but shows an overall upward trend; and when
B varies between 0.8 and 0.85, the value of Gy, decreases
slightly but still remains at a high level. The general trend is
that as f3 increases, the value of Gy, first increases and then
decreases. It can be seen that the Gy, values obtained by the
two calculation methods are in good agreement.

We have plotted the electric field distributions in
Figs. 4(b), 4(c) and 4(d) for beta values of 0.65, 0.75 and 0.8,
respectively. It is evident that the main difference between the
beta values of 0.65 and 0.75/0.8 lies in the mode pattern of
the electric field distribution, with the standing wave mode in
the latter case being more conducive to electron acceleration.
Analyzing the electric field distribution between beta values of
0.75 and 0.8, it can be observed that although standing wave
modes can be excited in both cases, the strength of the excita-
tion is different. A stronger standing wave mode is excited for
a beta value of 0.8, which results in a stronger corresponding
acceleration gradient.

Using Eqgs. (16) and (17), we have calculated 20 different
examples. These results indicate that neglecting the charge
space effect during acceleration over a short distance results in
highly accurate calculations of the maximum acceleration gra-
dient using the simplified energy formula. However, it is ex-
pected that the deflection field will affect the accuracy of cal-
culation of the maximum acceleration gradient during accel-

eration over a long distance, although the formula for energy
gain of particles in the longitudinal direction remains valid.

4.3. Influence of material

Based on the optimal layout obtained from the previous
simulation, we conducted simulations using three available
materials and analyzed how the electric field distribution af-
fects the acceleration.

The region of the particle injection channel is of size
4) x A /4 and B = 0.8. A periodic condition is used to in-
troduce plane waves into the structure from the lower side,
as shown in Fig. 3(a). A total of three simulations were per-
formed, where only the € parameter was varied. We calculated
the value of Gyor On the symmetry line of the particle injection
channel. For the materials SiO,, Si3Ny4 and Si, the acceleration
gradients achieved were 0.01, 0.08 and 0.43 (Ey), respectively.
Assuming incident field values consistent with the laser dam-
age thresholds given in references,*>*!] these correspond to
acceleration gradients of 0.003 GV-m~!, 0.11 GV-m~! and
1.8 GV-m~!, respectively.

In Figs. 5(a), 5(b) and 5(c), we depict the electric field dis-
tributions corresponding to SiO,, Si3Ny and Si, respectively.
It is evident that the primary difference among the three ma-
terials lies in the mode of electric field distribution. Specit-
ically, the standing wave mode in Si is more conducive to
electron acceleration. Si can excite a stronger standing wave
mode, resulting in a stronger corresponding acceleration gra-
dient. Therefore, this implies that the greater the refractive
index contrast in the structure, the more suitable it is for par-
ticle acceleration. Therefore, this result once again confirms
that a case-by-case analysis is required in the design process
of the accelerator.
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E,/|Ey|

(b) E,/|Fol (c)
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=

Fig. 5. Electric field distributions of cylindrical structures with three different materials: (a) SiO», (b) SizNy and (c) Si.

5. Conclusion

In this study, we establish the principles for effectively
accelerating particles using dielectric structures by using ba-
sic equations, and provide a clear understanding of the phys-
ical mechanism behind acceleration by DLAs. We demon-
strate how DLAs can be implemented by breaking spatial sym-
metry and validate our calculations using the FDFD method,
which supports the use of simplified energy formulae to com-
pute particle energy gain in large-scale simulations. We also
demonstrate that effective acceleration occurs when particles
in the acceleration cavity sense an electric field with zero fre-
quency, which offers a powerful method for designing these
devices. Overall, our results provide a new physical frame-
work for understanding the mechanism of acceleration by a
DLA, and have potential applications in the field of designing
dielectric laser acceleration.
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